Recently, MMR genes have been identified in eukary-DNA mismatch repair genes (MMR) have been ac-otes, and their role has been elucidated mainly by getively studied in humans for their role in cancer sus-netic analysis of germline mutations in cancer patients. ceptibility. Recently, GTBP, a new member of the MMR Specifically, susceptibility to one type of hereditary or gene family, has been cloned and found to encode a sporadic human cancer (human nonpolyposis colon 160-kDa protein that forms a heterodimer with cancer, HNPCC) has been found associated with molechMSH2. Our group has isolated and characterized the ular anomalies within genes encoding MMR factors mouse homolog of GTBP. The transcript, termed (Fishel et al., 1993; Leach et al., 1993; Papadopoulos et Gtmbp (G/T mismatch-binding protein), encodes a pro- Nicolaides et al., 1994; Bronner et al., 1994) . 
INTRODUCTION
anomalies described so far behave as recessive mutations, some have been found to exert a dominant nega-DNA mismatch repair (MMR) activity is essential for tive effect, leading to a significant reduction in DNA maintaining the integrity of the cell's genetic material.
repair and to cancer susceptibility in the absence of a The MMR pathway is a complex proofreading system, superimposed somatic mutation (Parsons et al., 1995) . capable of correcting double helix mispairings ocRecently, two groups (Palombo et al., 1995;  Drumcurring in the course of DNA replication (Jirichny, mond et al., 1995) have identified in HeLa cells an 1994; Modrich, 1994) . In addition to their primary func-MMR complex that preferentially binds heteroduplexes tion in DNA repair, some MMR proteins are known to containing G/T mismatches. This dimer contains a 100-play a role in suppressing homologous recombination kDa protein, which they identified as hMSH2 (a prebetween diverged sequences (Rayssiguier et al., 1989) .
viously isolated MutS homolog), and a novel 160-kDa This functional pathway has been described and studied mostly in prokaryotes. In Escherichia coli, initia-protein (GT-binding protein, GTBP), which, reportedly, tion of the mismatch repair mechanism requires the is primarily involved in binding G/T mispairs and rerecruitment of MutS, which binds DNA and subse-pairing base-base and single-nucleotide insertion-dequently interacts with a cofactor protein termed MutL. letion mismatches (Drummond et al., 1995) . SpecifiFormation of this complex activates an elaborate exci-cally, GTBP-deficient cell lines show alterations in mosion/repair cascade involving a number of functionally nonucleotide repeat stretches (Papadopoulos et al., related enzymes (Grilley et al., 1993 ). 1995 . GTBP was physically mapped to chromosome 2p16. In the present paper, we report the isolation and ( Palombo et al., 1995) . This gene has been named
In situ hybridization of mouse embryonic tissue sections. Radioacsion with a previous entry (Le Roy et al., 1992) applying tive in situ hybridization (ISH) (Wilkinson, 1992) was carried out as the name Gtbp to an unrelated transcript.
follows: 7-mm paraffin serial sections from a single embryo were displaced in four to six adjacent series; two alternative series were used for each probe. Four embryos from at least two litters were
MATERIALS AND METHODS
studied at each developmental stage. Slides were deparaffinated in xylene, hydrated through an alcohol series, treated with paraformalGeneral procedures. Nucleic acid purification, restriction analydehyde and proteinase K, acetylated, and dehydrated through an sis, gel electrophoresis, DNA ligation, cloning, subcloning, dideoxyethanol series. Forty microliters (1 1 10 6 cpm) of a Gtmbp riboprobe sequencing, probe radiolabeling, Northern and Southern analyses, (sense or antisense) in the hybridization mix was added to each slide. and library screening were performed according to established protoHybridization was carried out overnight at 55ЊC. Slides were washed cols (Sambrook et al., 1989) . Due to the occurrence of multiple comunder stringent conditions (65ЊC, 21 SSC, 50% formamide) and pressions in the sequence of the GC-rich 5 region of the Gtmbp treated with RNase A. Autoradiography was performed with Kodak transcript, the sequence was double-checked using deaza-dNTP ana-NT/B2 emulsion. Exposure times were between 5 and 12 days. After logs (Pharmacia). Northern blot analysis was conducted on positively development, sections were stained in Nissl stain and mounted in charged Biodyne-B nylon filters (Pall) containing 20 or 30 mg total DPX. Sections were examined and photographed on dark fields using RNA per lane from CD1 mouse embryonic brain at various prenatal a Zeiss SV11 microscope. stages and various postnatal mouse organs. Hybridizations of Northern, Southern, and zoo blot filters were performed at 65ЊC in 125 mM sodium phosphate (pH 7.2), 250 mM NaCl, 7% SDS, 10% PEG.
RESULTS
Filters were washed at 65ЊC to final stringencies of 0.21 SSC for 20-30 min. Phage plaque hybridizations and subsequent washes were carried out under similar stringency conditions. Our group is isolating and characterizing develop-RNA fingerprinting. DD151.10 was derived through a modifica-mentally regulated genes in the embryonic mouse screening protocol commonly referred to as RAP-PCR E10.5 and postnatal mouse brain. RNA fingerprinting was conducted as follows: a reverse transcription reaction was carried out using a or RNA fingerprinting (Welsh et al., 1992) . In this proj-(dT) 16 primer on total RNA extracted by the cesium chloride method ect, in comparing RNA from actively proliferating em- (Sambrook et al., 1989) . Radioactive PCRs, in duplicate, were perbryonic neuroeopithelium with RNA from postnatal formed from 2 ml of each RT reaction in a 50-ml final volume with and adult brain tissues, containing mostly postmitotic arbitrary 12-mers DR1 (5-GGGTCGCGAACA) and DR2 (5-TCTneurons, we have identified several genes, including GGGAACCGG) (final concn 1 mM). PCR conditions were 3 min at 94ЊC, 2 min at 80ЊC at which Taq polymerase was added (hot start),
Gtmbp, that display differential expression.
followed by 35 cycles of 40 s at 94ЊC, 1 min at 50ЊC, 1 min at 72ЊC, The first cDNA probe for Gtmbp (151.10) was identiwith a final elongation step of 5 min at 72ЊC. [a-32 P]dCTP (0.2 ml) fied by RNA fingerprinting analyzing total RNA from was added to each reaction. Amplified products were separated on E10.5 embryonic mouse CNS and P2 postnatal mouse a 5% denaturing acrylamide gel, visualized by autoradiography. Difbrain. A 600-nt band that was strikingly more abunferentially displayed bands were cut from the gel and electroeluted. The bands were reamplified using the same 12-mer primers and dant at the former stage was excised from polyacrylblunt-end cloned into pBluescript II SK/ (Stratagene) as described amide, reamplified, and cloned as described (Consalez (Consalez et al., 1996 (Consalez et al., ). et al., 1996 . Sequence analysis through the BLASTX Sequence analysis. Data bank searches (GenBank, GenEmbl, program (Altschul et al., 1990 ) revealed homology to a SwissProt, and PIR) were run through the BlastN and BlastX netyeast MutS homolog (PIR entry S51246). cDNA 151.10 work servers (Altschul et al., 1990) . Additional sequence analysis and contig assembly was performed using the GCG package (Devereux et was used as a probe to screen an E11.5 whole embryo al., 1984) . The nucleotide sequence of the gene was deposited into library. Six hundred thousand plaque-forming units the GenBank database under Accession No. U42190.
were plated and transferred to nylon filters. The memProbes. Three probes were used in the hybridization experiments branes were hybridized and washed under high strindescribed below. cDNA 151.10 spans 570 nt starting at nt 904 of gency conditions. Three phage clones hybridized by our cDNA sequence (GenBank Accession No. U42190). cDNA p11R1 151.10 were subcloned into plasmid and manually sespans 2.0 kb of coding region from nt 1102 to nt 3120. In addition, a cDNA probe for Msh2 (Msh2-3) that spans nt 2665 through 3026 quenced. Independently, the human homolog of the of the published cDNA sequence (Varlet et al., 1994) was generated same gene (GenBank Accession No. U28946) was pubby PCR.
lished by others and its function extensively characterGenetic mapping. First, an intragenic MspI polymorphism was ized (Palombo et al., 1995; Drummond et al., 1995; Pa- spr interspecific backcross (The Jackson Laboratory, Bar Harbor, sion No. U42190. Here, we report the protein sequence, ME), containing MspI-cut DNA from the two parentals and 94 N 2 evolutionary conservation, map location, and expresprogeny was hybridized with the same probe. Twenty-four progeny sion of the mouse Gtmbp gene.
(A10-H12) were also typed by SSCP mapping (Beier et al., 1992, cDNA and deduced peptide sequence. (1995) from the N-terminal and C-terminal regions of the human protein (p160/GTBP) are shaded. Regions of identity between human and mouse GTBP are boxed. At the N-terminal and C-terminal ends, exact coincidence is observed between the human and mouse proteins.
quenced by Palombo et al. (1995) from the correspond-dopoulos et al. , 1995) , in the physical proximity of its close cognate hMSH2, suggesting the possible duplicaing human protein. No in-frame stop codons are ention of a primordial MutS gene. We mapped Gtmbp in countered in our cDNA contig upstream of the putative mouse by linkage analysis of the BSS backcross panel initiation codon, thus the location of our start codon remains conjectural. However, our deduced peptide sequence matches the human protein sequence, as updated in Nicolaides et al. (1996) , both at the N-terminal and at the C-terminal end. The two proteins show 86.1% identity and 92.1% similarity. At the nucleotide level, the two sequences are 84.6% identical, strongly suggesting orthology between them.
Evolutionary conservation. A 2.0-kb cDNA from the coding region of the Gtmbp transcript (p11R1) was used as a probe to hybridize a zoo blot containing DNA from various species. The cDNA probe contains no EcoRI sites. This analysis, performed at high stringency, revealed clear specific signals (Fig. 2) in lower primate, bovine, hamster, mouse, and Xenopus laevis DNA, probably reflecting the existence of orthologs of Gtmbp in each of those species. In mouse, the probe lights up distributed by The Jackson Laboratory (Rowe et al., kb MspI fragments. After a longer exposure, one additional B6-specific MspI band of 2.4 kb appears. cDNA 1994) (Fig. 3) . Figure 3a shows a representative MspI banding pattern obtained by hybridizing a Southern p11RI contains two MspI sites; the fact that this probe lights up four chromosome 17-specific bands in MspIblot of the BSS backcross with probe p11R1. The analysis of this pattern led us to the map localization of two digested B6 DNA suggests that it spans a genomic region containing introns and exons. Segregation of an Gtmbp-related loci in the mouse genome. One polymorphism allowed us to assign Gtmbp to chromosome 17, in MspI polymorphism at the Msh2 locus was analyzed on the same cross in 94 meioses, showing no recombinathe known region of synteny with human chromosome 2p16. This polymorphism consists of a composite B6-tions with Gtmbp (LOD Å 28.3). In the BSS cross (Fig.  3b, top) , Gtmbp cosegregates with D17Bir15 (no recomspecific banding pattern, containing 3.9-, 1.2-, and 0.6- binations in 94 meioses; LOD Å 28.3) and with reveals widespread transcription of the gene, at levels apparently higher (about three times) than those of the D17Xrf164 (one recombinant in 90 meioses; LOD Å 24.7). D17Xrf164, which maps centromeric to Gtmbp, Msh2 transcript (Fig. 4b) .
mRNA in situ hybridization of tissue sections (Fig. was mapped by others using a human expressed sequence tag (EST) (GenBank Accession No. T03795) as 5) shows that Gtmbp expression is widespread and related to sites of active cell proliferation and DNA replia probe (Spencer et al., in preparation) . On the BSS map, two recombinations separate Gtmbp from cation. We have analyzed sections from Embryonic Day 10.5 to Postnatal Day 1. At E10.5 (Fig. 5a ) almost all D17Xrf151, a mouse locus mapped by others with a human EST probe (GenBank Accession No. R17485) embryonic tissues are proliferating. A strong hybridization signal proportional to cell density within the tissue localized on human chromosome 2 (Spencer et al., in preparation) .
is present throughout the embryo. During late gestation, neural cells start differentiating. At this stage, In addition to the primary map localization, segregation of a single B6-specific 8.1-kb band in the backcross hybridization becomes restricted to proliferative zones within the CNS, as the ventricular zone (arrowheads led us to the unequivocal assignment of a Gtmbp-related sequence to the centromeric portion of mouse in Figs. 5b, 5c, and 5d), or the external germinal layer (EGL) (Hatten and Heintz, 1995) in the developing cerchromosome 4, a region not reported to be syntenic with human chromosome 2p. Map assignment of this ebellum (E18.0; arrow in Fig. 5d ). In the neonatal CNS (Postnatal Day 2; Fig. 5e ), Gtmbp is expressed in areas chromosome 4-linked locus was confirmed by SSCP mapping (Beier et al., 1992) of 24 progeny of the same where proliferation is still present, e.g., the cerebellar EGL (arrow) and hippocampus (arrowhead). cross (not shown). Gtmbp-rs (Fig. 3b, bottom) is closely linked to D4Bwg0615e (Brady, Her, and Beier, unpublished results) (no recombination in 91 meioses; LOD DISCUSSION Å 27.4), and cosegregates with D4Bir9 (Rowe et al., 1994) and D4Xrf136 (Spencer et al., in preparation) In the present paper, we report the cloning and ge-(one recombination out of 94 meioses tested; LOD Å netic characterization of the mouse Gtmbp gene, which 25.9). The latter corresponds to human EST 163190, encodes a DNA mismatch repair enzyme. This protein mapped in human through a somatic cell hybrid line participates in a complex involved in the early stages containing human chromosomes 3 and 8.
of mismatch recognition. At the protein level, GTBP is related to MutS homoExpression. We have analyzed the expression of the gene by Northern analysis and by in situ hybridization logs in various species. Evidence of cross-specific conservation of Gtmbp comes primarily from significant of pre-and postnatal tissue sections. Gtmbp is expressed at high levels in the embryo starting at least homology at the protein level to a putative yeast MMR factor (PIR Entry S51246). In addition, high stringency as early as Embryonic Day 7 (not shown). Northern blot analysis of total RNA extracted from mouse brain zoo blot analysis points to the existence of orthologs of Gtmbp in primates, rodents, bovines, and amphibians at five different stages of development (10.5-18.5 days postcoitum and 2 days postnatal) reveals higher levels at the nucleotide level. Striking conservation of this gene in various vertebrates suggests that GTBP, which of a single Gtmbp mRNA species at E10.5 and E12.5, coincident with the peak of neuroepithelial prolifera-forms a heterodimer with hMSH2, is an essential factor for MMR activity in this class of organisms, although tion (Fig. 4a) . Northern analysis of the distribution of Gtmbp in various mouse tissues at Postnatal Day 1 its exact role is still a matter of active investigation. , c, and d) . When proliferation starts during cerebellar development hybridization signal is confined to a highly proliferating layer (external germinal layer; arrow in d and e) In P2 brain sections (e) hybridization signal is present in the hippocampus (small arrowhead), a proliferative brain area at this stage. Cb, cerebellum; Cx, cerebral cortex; Di, diencephalon; Mes, mesencephalon; My, myelencephalon; OB, olfactory bulb; SC, spinal cord; Te, telencephalon.
GTBP and hMSH2 are tightly linked in the human BSS cross (this paper). This is consistent with the tight physical linkage between the two genes in humans. genome: both genes have been mapped to 2p16 through hybridization of YAC DNA and FISH experiments (Pa-Second, our evidence indicates that a 2.0-kb Gtmbp cDNA (p11R1) hybridizes a composite banding pattern, padopoulos et al., 1995) . Work by our group (this paper) has assigned Gtmbp-related loci to mouse chromo-suggesting the existence of introns and exons, as opposed to an intronless retrotransposed pseudogene. somes 17 and 4, whereas others (Fishel et al., 1993) have mapped Msh2 to mouse chromosome 17, in a re-Third, only one transcript is detected by Northern blot analysis of several pre-and postnatal brain RNAs and gion syntenic with human chromosome 2p. Several indirect lines of evidence support the candidacy of Gtmbp of RNA from various postnatal tissues, suggesting that, most likely, only one of the two Gtmbp-related se-(chromosome 17) and not Gtmbp-rs (chromosome 4) as a coding locus orthologous to human GTBP. First, quences localized by genetic mapping in mouse represents a coding region. Likewise, only one cDNA species Gtmbp maps within a conserved linkage group including Msh2, as demonstrated by complete cosegregation was obtained from the high-stringency screening of an E11.5 whole embryo cDNA library. Further work will of the two markers in the entire N 2 progeny of the (SSCP) analysis as a tool for genetic mapping. Mamm. Genome 4: be required to determine the nature of the chromosome 627-631. 4 locus (Gtmbp-rs). Beier, D. R., Dushkin, H., and Sussman, D. J. (1992 from a primordial duplication of a genomic region con-Consalez, G., Corradi, A., Ciarmatori, S., Bossolasco, M., Malgaretti, taining a MutS homolog. This and subsequent rear- N., and Stayton, C. (1996) . A new method to screen clones from differential display experiments prior to RNA studies. Trends rangements might have affected the ancestral gene's Genet., in press. cis-acting regulatory elements in such a way that the de Wind, N., Dekker, M., Berns, A., Radman, M., and te Riele, H. two descendants utilize independent, although coordi- (1995) of Msh2 (de Wind et al., 1995) and Pms2 (Baker et Devereux, J., Haeberli, P., and Smithies, O. (1984) . A comprehensive al., 1995) has demonstrated the absence of consistent set of sequence analysis programs for the VAX. Nucleic Acids Res. 12: 387-395. developmental defects in these animals, suggesting Drummond, J. T., Li, G.-M., Longley, M. J., and Modrich, P. (1995) .
that the corresponding proteins may not be quintessen- fects of genomic instability in MMR-deficient tissues Hatten, M. E., and Heintz, N. (1995) . Mechanisms of neural patand the potential role played by mutation of DNA misterning and specification in the developing cerebellum. Annu. Rev. match repair genes in determining predisposition to various forms of cancer. Molecular and breeding strate- Jiricny, J. (1994) . Colon cancer and DNA repair: Have mismatches gies aimed at the production of double homozygous mumet their match? Trends Genet. 10: 164-168. tants for Msh2 and Gtmbp should keep into account Le Roy, H., Simon-Chazottes, D., Montagutelli, X., and Guenet, J. the fact that the two genes are tightly linked in mouse (1992) . A set of anonymous DNA clones as markers for mouse gene mapping. Mamm. Genome 3: 244-246. and that Gtmbp-related sequences of unknown nature Leach, F. S., Nicolaides, N. C., Papadopoulos, N., Liu, B., Jen, J., exist in the mouse genome.
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